Highlights d MCM8 À/À and MCM9 À/À mice show lifelong increased DNA damage in their bone marrow d The mice develop myeloid tumors resembling human myelodysplastic syndrome as they age d Loss of RB-mediated cell cycle control allows myeloid tumor proliferation d Additional loss of TP53 switches tumor development to aggressive T cell lymphoma SUMMARY Hematopoiesis is particularly sensitive to DNA damage. Myeloid tumor incidence increases in patients with DNA repair defects and after chemotherapy. It is not known why hematopoietic cells are highly vulnerable to DNA damage. Addressing this question is complicated by the paucity of mouse models of hematopoietic malignancies due to defective DNA repair. We show that DNA repair-deficient Mcm8-and Mcm9-knockout mice develop myeloid tumors, phenocopying prevalent myelodysplastic syndromes. We demonstrate that these tumors are preceded by a lifelong DNA damage burden in bone marrow and that they acquire proliferative capacity by suppressing signaling of the tumor suppressor and cell cycle controller RB, as often seen in patients. Finally, we found that absence of MCM9 and the tumor suppressor Tp53 switches tumorigenesis to lymphoid tumors without precedent myeloid malignancy. Our results demonstrate that MCM8/9 deficiency drives myeloid tumor development and establishes a DNA damage burdened mouse model for hematopoietic malignancies.
In Brief Lutzmann et al. show that MCM8-or MCM9-deficient mice suffer chronic DNA damage, causing myeloid tumors, resembling human myelodysplastic syndromes, during aging. These tumors lose RB-mediated cell cycle control, cause splenomegaly, and preclude progressively normal hematopoiesis. Additional loss of the tumor suppressor Tp53 switches tumor development to T cell lymphoma.
INTRODUCTION
Together with germline cells, the bone marrow is exceptionally sensitive to DNA damage. Radiation and genotoxic substances lead to an immediate block of blood cell production at doses that do not affect proliferation in most cell types. Importantly, accumulation of DNA damage over time affects the differentiation potential of hematopoietic stem and progenitor cells (HSPCs), biasing them toward differentiation into myeloid cells, thereby causing myeloid overproduction in aged humans and mice (Sudo et al., 2000; Rossi et al., 2005) . Concomitantly, the incidence of myeloid cancers, particularly myelodysplastic syndromes (MDSs) and acute myeloid leukemia (AML), increases dramatically in older people and in patients with genetic defects in DNA repair, such as Fanconi anemia and Bloom, Werner, or Rothmund-Thomson syndrome (Mathew, 2006; Cioc et al., 2010; Poppe et al., 2001; Goto et al., 1996; Narayan et al., 2001) . Accordingly, chemo-and radiation therapies exponentially increase the risk for MDS, even many years after their administration (Sill et al., 2011; Zhang and Wang, 2014) .
AML is caused by uncontrolled proliferation of HSPCs in which myeloid differentiation is blocked at a very early stage. Conversely, in MDS differentiation is defective at an intermediate step, leading to accumulation of dysplastic myeloid precursor cells, massive apoptosis of these precursors (not observed in AML), and a deterioration of the normal hematopoietic capacity (Raza and Galili, 2012) . Moreover, 20%-30% of patients with MDS develop splenomegaly and myelofibrosis, implying a worse prognosis (Buesche et al., 2008; Della Porta et al., 2009) , and in approximately 30% of patients, MDS will progress to full-blown AML (Walter et al., 2012) .
The etiology of MDS is enigmatic. Many identified driver mutations can be present in HSPC clones for years, often leading to clonal but normal hematopoiesis (clonal hematopoiesis of indeterminate potential [CHIP] ), without causing the disease (Genovese et al., 2014; Steensma et al., 2015) . The appearance of final disease-causing MDS cells is a poorly understood multi-step process during which a multitude of cellular changes, mutations, and clonal changes are acquired over years (Genovese et al., 2014; Steensma et al., 2015) . As DNA repair defects strongly predispose to MDS, and more than 50% of patients with MDS show gross genetic rearrangements, it has been hypothesized that MDSs arise primarily from DNA repair defects (Raza and Galili, 2012; Zhou et al., 2013) . As mentioned above, patients who received DNA-damaging chemo-or radiation therapy against unrelated cancers show an increased risk of up to 10% for developing therapy-related MDS, with a very poor prognosis (Leone et al., 2007; Sill et al., 2011) .
In normal cells, dephosphorylation of the tumor suppressor retinoblastoma protein (RB) upon DNA damage leads to rapid cell-cycle arrest to prevent the mitotic inheritance of damaged DNA (Burkhart and Sage, 2008) . This pathway is often inactivated in myeloid cancers (Kornblau et al., 1994) . Importantly, a functional RB pathway is essential not only for correct cell cycle and DNA damage control but also for proper terminal differentiation of erythroid progenitors (Walkley et al., 2007; Sankaran et al., 2008; Youn et al., 2013; Ghazaryan et al., 2014. The current absence of DNA damage-driven mouse models of MDS constitutes a serious drawback for MDS research (Zhou et al., 2015) . Different from humans, most DNA repairdeficient mouse strains either do not develop hematopoietic symptoms or directly die from anemia caused by an early HSPC proliferation block (Parmar et al., 2009; Friedberg and Meira, 2004) . Basically, all mouse models that develop some MDS features have been engineered to harbor germline ge- netic alterations that were identified as somatic driver mutations in humans. One mouse model displays MDS features after several generations of genetically generated telomere defects (Colla et al., 2015) , and another model with an inducible BRCA1 knockout (Vasanthakumar et al., 2016) develops various hematopoietic disorders. This indicates that specific types of DNA damage can cause myeloid tumors in mice. Hence, mouse models that develop myeloid tumors or MDS exclusively as a result of increased DNA damage due to DNA repair defects could aid in understanding why and how DNA damage is especially deleterious for the myeloid lineages. It could also set the basis for the development of strategies to protect the hematopoietic system during chemo-or radio-therapy.
Previously, we and others demonstrated that in Mcm8-and Mcm9-knockout mice, homologous recombination (HR)-mediated DNA double-strand break (DSB) repair and mismatch repair are deficient (Lutzmann et al., 2012; Nishimura et al., 2012; Traver et al., 2015; Lee et al., 2015; Natsume et al., 2017) . Cultured Mcm8 À/À or Mcm9 À/À fibroblasts show unstable DNA replication forks and chronic DNA damage, leading to chromosome breaks, and sensitivity to agents that cause replication fork block and DNA damage. We also found that MCM8 and MCM9 are interdependent, form a protein complex, and co-stabilize each other, thus explaining the phenotypic similarities of the two knockout strains (Lutzmann et al., 2012) . In addition, inactivating MCM8 and MCM9 homozygous mutations have been reported in humans, and cultured cells from these patients display DNA repair defects similar to those we described in mouse Mcm8 À/À or 2015; Wood-Trageser et al., 2014) . All these patients were young, with post-puberty fertility problems caused by meiotic HR defects (identical to those we observed in the knockout mice), and hematopoietic symptoms were not recorded or investigated.
Here, we report that Mcm8-and Mcm9-knockout mice develop myeloid tumors, characterized by dysplasia of all three myeloid lineages, and show extramedullary proliferation mainly of erythrocyte progenitors, leading to severe splenomegaly. Such dysplastic and tumoral myeloid proliferation caused strong reduction of megakaryocyte and lymphocyte numbers, excessive apoptosis, and deteriorated bone marrow functionality, recapitulating the main MDS features. In addition, we observed myelofibrosis in diseased bone marrow.
We then found that in Mcm8-and Mcm9-knockout mice, bone marrow displays higher chronic DNA damage burden from young age, long before tumor onset. Furthermore, whereas RB signaling is normal in healthy Mcm8-and Mcm9-knockout mice, tumor progression in these knockout mice is characterized by cells able to cycle despite the strong reduction of RB transcription and the reduction or virtual absence of RB phosphorylation.
Collectively, our results demonstrate that in the presence of functional Tp53, the absence of the HR factors MCM8 and MCM9 provoke the development of myeloid tumors resembling MDS and highlight the key role of chronic DNA damage in myeloid disorders. Moreover, deletion of Tp53 in addition to Mcm9 promoted a switch of tumor development to early aggressive T cell lymphoma. Our work identifies Mcm8-and Mcm9-knockout mice as models for studying the molecular mechanisms underlying myeloid tumor development.
RESULTS

Mcm8and Mcm9-Knockout Mice Develop Myeloid Tumors
By monitoring aging cohorts of wild-type, Mcm8-and Mcm9knockout mice, we observed that knockout mice became prematurely frail and ill. Systematic autopsy at the first signs of illness revealed that both knockout mice frequently had developed massively enlarged spleens ( Figure 1A ; Figure S1A ).
Histological analyses of these spleens showed dense proliferation of malignant myeloid cells in both Mcm8-and Mcm9knockout strains, leading to the reduction and destruction of the white splenic pulp (composed of lymphoid cells; Figure 1B , left panels). In contrast, spleens of non-diseased knockout mice were histologically similar to wild-type organs, particularly displaying a normal separation of red and white pulp (Figure S1B) . The bone marrow of the diseased animals was either hypercellular with very few adipocytes ( Figure 1B , right panels) or fibrotic, hypocellular, and partially aplastic (see below, Figure 4B) . We detected infiltration and extramedullary proliferation of myeloid cells also in the liver of these animals ( Figure S1C ; Figures 7B and 7C) .
Extensive histological analysis of 25 animals with enlarged spleens from each knockout strain revealed that they all had developed myeloid dysplasia with similar histological features ( Figure 1C ): dysplastic proliferation of all three myeloid lineages (erythrocytic, granulocytic, and megakaryocytic), often with explicit focal dysplastic proliferation of megakaryocytes or megakaryoblasts ( Figure S1D ; discussed below in detail). Thus, our histological data suggested that Mcm8-and Mcm9-knockout mice develop a myeloid dysplasia similar to human MDS or myeloproliferative neoplasm (MPN), a related myeloid disorder in which normal, functional blood cells are produced in excess (see below).
We and others showed previously that MCM8 and MCM9 form a stable complex, that Mcm8-and Mcm9-knockout cells in culture show very similar phenotypes, and that the absence of one protein reduces the stability of the other, thus reducing the amount of the remaining partner protein (Lutzmann et al., 2012; Nishimura et al., 2012; Lee et al., 2015) . In agreement, our histological analysis revealed identical results for both knockout strains. Considering this strong functional interdependence between MCM8 and MCM9, both at the protein level and the phenotype level, we continued to analyze Mcm8 À/À and Mcm9 À/À mice as one single model. This also allowed reducing the production and use of animals for research purposes. Nonetheless, Table S1 lists for each figure detailed information about all the used mice (mouse identification, gender, genotype, age, and spleen weight).
Mcm8and Mcm9-Knockout Animals Show Massive Myeloid Dysplasia without Terminal Differentiation
To better describe the nature and extent of myeloid proliferation in the knockout animals, we used flow cytometry to analyze their bone marrow and enlarged spleens. CD41+/CD42d+ megakaryocytes were strongly reduced in knockout bone marrow and spleen ( Figure 2A ) compared with age-matched wild-type controls. Detailed histological analysis revealed severe dysplasia with unevenly distributed, focal production of abnormal and multinucleated megakaryocytes (dysmegakaryopoiesis) with enlarged cytoplasm ( Figure S1D ). Conversely, erythroblasts (CD71+, CD71+/Ter119+, Ter119+ cells; differentiation scheme depicted in Figure 2B ) massively accumulated in the spleen of knockout mice compared with wild-type controls ( Figure 2C ). Intermediate CD71+/Ter119+ erythroblasts were the most overrepresented fraction, independently of the method used to count cells (calculated for the whole spleen, Figure 2C ; or per milligram of splenic tissue, Figure 2D ), outpacing both the accumulation of more immature CD71+ blasts and of more differentiated TER119+ cells (Figures 2C and 2D) . In contrast, B and T lymphocytes (B220+/CD3+) were reduced in knockout spleen and bone marrow compared with age-matched wild-type animals ( Figure 2E ), in agreement with the destruction of the splenic lymphoid regions in knockout mice ( Figure 1B ). The proportion of erythroblasts was strongly increased also in knockout bone marrow. Figure 2F summarizes this myeloid/erythroid shift in bone marrow and spleen from diseased knockout animals.
MDSs are defined by an excessive production of dysplastic immature myeloid cells that do not terminally differentiate, accumulate, and enter apoptosis. Conversely, MPNs are characterized by the absence of dysplasia and an excessive proliferation of myeloid precursors that differentiate normally, leading to an equal excess of differentiated and functional cells in peripheral blood. Clinically, mixed forms showing features of both syndromes have been described (Cazzola et al., 2011; DiNardo et al., 2014) . To relate the observed phenotypes more precisely to one or both syndromes, we prepared cell samples by Cytospin from bone marrow and spleen of knockout and age-matched wild-type animals. In knockout samples, we observed abundant dysplasia (such as bi-or multinucleated cells), persistent chromatin bridges between cells, abnormal mitoses with distorted metaphase plates and anaphase bridges, nuclear and cytoplasmic budding, extensive vacuolization, and cells undergoing karyorrhexis (nuclear fragmentation of a dying cell). Figure S2A displays comparative overviews of Cytospin samples from different age-matched wild-type and knockout animals, and Figure 3A shows representative examples of all these dysplastic cell features in knockout mice. All these features, including defective production of megakaryocytes, massive excess of erythroblasts that did not further differentiate, abundant dysplastic cells, and reduction of lymphocytes in bone marrow and spleen, are defining features of human MDS.
We next determined the effect of these hematopoietic defects on peripheral blood ( Figures 3B and 3C ). Inter-animal blood count heterogeneity was much greater in diseased knockout mice than in wild-type controls. Platelet counts were lower in knockout animals, reflecting the decreased number of megakaryocytes depicted in Figure 2A . Erythrocyte counts varied from aberrantly high to very low (i.e., anemia), and reduced hemoglobin levels in several knockout animals paralleled lower erythrocyte counts. Conversely, the number of reticulocytes (i.e., enucleated but immature erythrocytes identified by cresyl blue staining) ( Figure S3A ) was much higher in knockout than wildtype mice. Circulating neutrophils also were increased in knockout animals, again with much larger variability than in wild-type samples ( Figure 3B , last panel). Analysis of blood films showed that in the peripheral blood of some diseased knockout animals, the number of dysplastic cells and blasts, particularly erythroblasts that did not manage to enucleate, was strongly increased ( Figure 3C ), whereas in other mice dysplastic cells were limited to bone marrow and spleen (data not shown). Altogether, these data show that Mcm8-and Mcm9-knockout mice develop a myeloid dysplasia that phenocopies the typical diagnostic features of MDS.
Reduced Bone Marrow Functionality and Myelofibrosis in Mcm8and Mcm9-Knockout Animals
In MDS, bone marrow loses progressively its ability to support normal hematopoiesis, leading to a fatal breakdown of blood cell production. This decline is routinely assayed by colony formation assay. Using this assay for all three myeloid lineages, we found that the colony-forming potential was already reduced in bone marrow from apparently still healthy knockout mice (normal spleen weight) compared with age-matched wild-type controls. This defect was much more drastic and significant in bone marrow from knockout animals with splenomegaly ( Figure 4A) .
A more detailed analysis of bone marrow showed that in most knockout animals with splenomegaly, bone marrow displayed grade 2 or 3 myelofibrosis (81% [26 of 32 animals]; staging according to Kvasnicka et al., 2016) and occasionally areas of aplasia ( Figure 4B ). These data show that in knockout mice, dysplastic myeloid proliferation is accompanied by severe myelofibrosis. MDS patients who have developed splenomegaly and myelofibrosis have very poor prognosis and a shorter survival period (Buesche et al., 2008; Della Porta et al., 2009; Fu et al., 2014) .
To follow the production and fate of malignant myeloid cells, we injected the nucleotide analog EdU in diseased knockout and age-matched wild-type controls to label specifically proliferating cells, euthanized the mice 2 h post-injection, and prepared histological sections of different tissues to detect EdU+ cells. In bone marrow, the percentage of proliferating (EdU+) cells was not significantly different between knockout and wild-type animals. Conversely, the number of EdU+ cells was massively increased in the spleen in diseased knockout animals ( Figure 4C , upper panel). To complement these histological results, we also prepared cell spreads of bone marrow and splenocytes to quantify precisely EdU+ cells. The number of proliferating (EdU+) cells (B) Scatterplots of blood cell count values in WT and KO animals with splenomegaly (KO). Platelets, *p < 0.041 (non-parametric test, Mann-Whitney); reticulocytes, **p < 0.01 (unpaired t test with Welch's correction); neutrophils, ***p < 0.002 (unpaired t test with Welch's correction); the middle horizontal lines depict the mean values. was 5 times higher in knockout than wild-type spleens ( Figure 4C , lower panel; see also Figure S4C , right panel). Moreover, fluorescence-activated cell sorting (FACS) analyses indicated that most of these EdU+ cells belonged to the erythroid lineage (Figure S4A) , in agreement with the results presented in Figures 2C  and 2D . Conversely, the number of EdU+ cells in bone marrow and spleen from young and healthy knockout and wild-type littermates were comparable ( Figure 4C, lower panel) . These results strongly suggest that the increased cell proliferation in spleen is directly caused by the establishment of a myeloid tumor. They also demonstrate that in enlarged spleens, tumoral myeloid cells are not only stored but massively proliferate.
Next we wanted to investigate the fate of these aberrantly proliferating malignant myeloid cells. As apoptotic clearance of tumor cells is another unique, defining feature of MDS relative to other myeloid tumors, we used the TUNEL assay to evaluate apoptosis in histological sections of bone marrow and spleen. We found that the pathological increase of splenic cell proliferation (EdU+ cells) was accompanied by a strong increase of the apoptotic index ( Figure 4D ; Figure S4B ). We obtained similar results in cell spreads of bone marrow and splenocytes (Figure S4C) . These results demonstrated that MCM8/9-deficient mice not only recapitulate the main features of MDS, such as strong defects in megakaryopoiesis, massive and dysplastic proliferation of myeloid cells, and deteriorating bone marrow functionality, but also reproduce its unique feature of apoptotic clearance of tumor cells. Furthermore, they establish an explicit correlation between the number of cells in S phase and the apoptotic index.
In Mcm8or Mcm9-Knockout Bone Marrow, DNA Damage Is Increased throughout Life, and RB Signaling Is Altered during Tumorigenesis Increased DNA damage in the hematopoietic system potentiates the risk for myeloid tumors, such as MDS. We previously showed that Mcm8 À/À or Mcm9 À/À primary fibroblasts display unstable replication forks, increased chromosome breaks, and hypersensitivity to DNA-damaging agents because of defects in DNA repair (Lutzmann et al., 2012) . Similar results were obtained by other groups using MCM8-or MCM9-knockout DT40 cell lines or by silencing MCM8 and MCM9 in tumor cell lines (Nishimura et al., 2012; Lee et al., 2015) . However, it is not known whether these defects lead to higher in vivo DNA damage in hematopoietic cells.
We therefore prepared cell spreads of bone marrow from several couples of diseased knockout and age-matched healthy wild-type animals and quantified replicative stress and DNA damage by immunofluorescence analysis of the DNA damage marker phosphorylated histone H2AX (g-H2AX). In all couples, DNA damage was significantly higher in bone marrow from the knockout mouse than in the age-matched control ( Figure 5A , middle panel). We obtained similar findings by western blot analysis of bone marrow cells ( Figure S5A ). As proliferating tumor cells might show increased DNA damage due to defects in DNA replication regulation (Macheret and Halazonetis, 2018; Gorgoulis et al., 2005) , this higher DNA damage could also be caused by the tumor cell proliferation process, rather than being a direct consequence of Mcm8 or Mcm9 ablation. Therefore, we analyzed bone marrow spreads from couples of young and healthy Mcm8/9-deficient mice and wild-type littermates. Again, DNA damage was significantly higher in bone marrow from healthy knockout animals than from their wild-type matches (Figure 5A, right panel) . These data show that in the bone marrow of Mcm8-or Mcm9-knockout mice, DNA damage is increased from young age on, suggesting that the hematopoietic system of these mice is subjected to lifelong chronic DNA damage stress, long before tumor onset. To analyze DNA replication in healthy knockout mice in more detail, we extracted bone marrow cells from bone, labeled them immediately with two consecutive dNTP analogs, and visualized nascent replication fibers by fiber stretching. Strikingly, replication forks in the absence of MCM8 or MCM9 were drastically slower and MCM9 deficiency slowed forks even more than deficiency of MCM8 ( Figure S5B ), reflecting what we found for cultured knockout MEF cells (Lutzmann et al., 2012) .
In Mcm8or Mcm9-Knockout Mice, Proliferating Myeloid Tumor Cells Are Defective in RB Signaling Upon DNA damage in normal cycling cells, the cell cycle regulator and tumor suppressor RB is rapidly dephosphorylated to stop cell cycle progression and to allow time for repair. In many cancers, tumoral cells manage to impair RB signaling in diverse ways (Dick and Rubin, 2013) , and in hematopoietic cancers, RB signaling is mostly defective because of reduced expression and phosphorylation levels (Kornblau et al., 1992; Sauerbrey et al., 1998; Kornblau and Qiu, 1999) . Importantly, besides acting as a tumor suppressor by controlling DNA damage, RB has crucial roles in erythropoiesis, facilitating cell cycle exit and final differentiation of erythroblasts (Ghazaryan et al., 2014; Sankaran et al., 2008; Youn et al., 2013) .
We quantified RB phosphorylation of cycling cells (EdU+) in the same animals used for the g-H2AX analysis presented in Figure 5A . This analysis showed that the levels of phosphorylated RB were strongly reduced in cycling bone marrow cells from diseased knockout animals compared with their wild-type counterparts ( Figure 5B ). We verified these findings by western blot for both phospho-RB and total RB, showing that also total RB was strongly reduced in diseased knockout bone marrow ( Figure S5C ). Next, we quantified by qPCR RB message in wild-type and knockout bone marrow. Again, all analyzed knockout bone marrow samples had strongly reduced amounts of RB message ( Figure S5D ). We then investigated if the increased DNA damage and genetic instability in the knockout bone marrow might have caused genomic deletion of RB. However, two independent copy number assays confirmed that all knockouts were still diploid for RB ( Figure S5E ). This decrease in RB expression and protein level is frequently observed in human myeloid malignancies (see above and Discussion). We then asked whether the defect in RB signaling in cycling cells was tumor specific or was equally present in normal cells from healthy young knockout animals. Quantification of phosphorylated RB in replicating bone marrow cells from young and healthy wild-type and knockout littermates (again the same animals used for the g-H2AX quantification shown in Figure 5A ) showed no consistent difference between knockout and wild-type animals ( Figure 5B , right panel). This suggested that in diseased, old Mcm8/9-deficient mice, myeloid tumor cells have acquired the ability to proliferate despite the presence of reduced levels of RB. This might explain both the sustained proliferation of DNA-damaged myeloid cells, and the accumulation of erythroblasts with defects in cell cycle exit and terminal differentiation and the resulting abundant dysplasia (see Discussion).
We also wanted to know if MCM8 and/or MCM9 were downregulated in human MDS. Therefore, we analyzed existing genome-wide expression data on MDS patient samples, concentrating on studies that used the GPL570 sequencing platform (used by most of the studies), comparing healthy with MDS-diseased bone marrow/CD34+ cells. We found six studies of interest, of which five had provided raw data to analyze. In all these five studies (in total 444 patient samples and 182 control samples), MCM9 was statistically significantly downregulated in MDS or MDS subtype samples compared with healthy controls (MCM8 in three of them). Of particular interest, one study (GSE 21261; Miesner et al., 2010) compared AML that developed out of an anterior MDS with de novo AML. MCM9 was found to be downregulated only in AML that followed an MDS but not in de novo AML. These results are presented in Table S2 . Figure 6 summarizes the hematopoietic phenotypes of the knockout mice and relates them to human MDS.
In Mcm9-Knockout Mice, Additional Absence of the Tumor Suppressor Tp53 Switches from Myeloid to Lymphoid Tumor Development As Mcm8-and Mcm9-deficient mice develop MDS-like myeloid tumors only late in life, we asked whether the additional deletion of the gene encoding the tumor suppressor Tp53 could accelerate myeloid tumor development. Tp53/ Mcm9 double-knockout mice showed major disease symptoms already at the age of 3-4 months. Autopsy revealed that they did not develop splenomegaly but massive thymic T cell lymphoma (five of seven analyzed double knockouts), confirmed by histological analysis (Figure 7A) . Moreover, we observed massive tumor lymphoid proliferation in the spleen and liver of Tp53/Mcm9 double-knockout mice, in sharp contrast to the observed myeloid tumors in Mcm9-knockout animals. Tumor cell infiltration was much more pronounced in Tp53/Mcm9-than Mcm9-knockout animals ( Figure 7B ). We performed immunofluorescence analysis to confirm tumor cell proliferation (EdU+ cells) in liver sections of knockout animals. Moreover, CD3+ cells (a T cell marker) were present exclusively in Tp53/Mcm9-knockout liver samples, indicating infiltration by T cell lymphoma cells ( Figure 7C ). As Tp53 single-knockout mice are prone to develop T cell lymphoma (Donehower et al., 1992; Dudgeon et al., 2014) , the combined deletion of Tp53 and Mcm9 could have promoted the formation of this tumor type much earlier than the onset of myeloid tumors.
DISCUSSION
Aging, genetic DNA repair defects, and cancer therapy are the most important sources of DNA damage in human hematopoietic cells. Accordingly, the incidence of AML, MDS, and other myeloid malignancies increases drastically with age and is much higher in patients who receive radio-or chemotherapy for unrelated cancers (Leone et al., 2007; Sill et al., 2011) . In contrast, most mouse models engineered to have increased DNA damage do not develop hematopoietic symptoms or die rapidly because of a general, early proliferation block of HSPCs (Zhou et al., 2013) .
We previously reported that cultured Mcm8 À/À or Mcm9 À/À primary cells show increased DNA damage and genetic instability due to defects in HR-mediated replication fork restart, DNA DSB repair, and mismatch repair. Here, we demonstrate that also in vivo, Mcm8 or Mcm9 knockout increases DNA damage throughout life in the bone marrow. Whereas young knockout mice are healthy and do not show hematopoietic wild-type animals, megakaryocyte numbers were strongly decreased in such animals, whereas non-terminally differentiated cells of the erythrocytic lineage, mainly CD71+/Ter119+ erythroblasts, strongly proliferated, accumulated, and were then cleared by apoptosis, another distinctive feature of MDS in humans (Hu et al., 2013) . This myeloid/erythroid shift was accompanied by a decrease of lymphocyte numbers, in both bone marrow and spleen, with strong reduction of lymphoid zones.
Besides these characteristic MDS features, circulating neutrophils also were increased. On its own, this corresponds more to a MPN phenotype. Although the neutrophil increase was significant, it was rather mild compared with what is observed in established MPN mouse models (Akada et al., 2010; Marty et al., 2010;  for review, see Li et al., 2011) . Moreover, many circulating neutrophils were hypolobulated and resembled immature, band-like cells (data not shown). It has been reported that MDSderived granulocytes are more resistant to apoptotic signals than other myeloid cells (Horikawa et al., 1997;  for review, see Raza and Galili, 2012) , which could explain their relative abundance in the blood of diseased mice. Nevertheless, as MDS/MPN mixed forms are an accepted disease entity, we cannot exclude the presence of traits corresponding to such mixed forms in MCM8/9-deficient mice.
Besides dysplasia and increased apoptosis, MDSs are characterized by a declining hematopoietic potential that usually causes the patient's death. We observed a strong decline in the colony formation capacity of bone marrow from diseased knockout mice for all three myeloid lineages. Moreover, colony formation was reduced also in bone marrow from apparently healthy knockout animals without enlarged spleens. It could be informative to monitor the colony formation capacity from very young age on to associate its changes with the progressive development of other disease features, such as the apoptotic index or fibrotic processes, which we observed in most of the diseased mice. Myelofibrosis is a typical symptom of dysplastic and excessive myeloid proliferation in both MPN (very frequent) and MDS (less frequent) and is often considered to cause the final breakdown of the hematopoietic system in patients (Della Porta and Malcovati, 2011; Della Porta et al., 2009; Buesche et al., 2008) .
The mechanisms by which neo-and dysplastic myeloproliferation causes bone marrow fibrosis are not known. Therefore, therapeutic strategies to prevent or to halt its progression are lacking. Our mouse model might serve to elucidate the molecular links between dysplastic proliferation, apoptosis, inflammation, hematopoietic capacity decline, and fibrosis. An open question is why Mcm8 or Mcm9 gene deletion in mice specifically causes myeloid tumors. Compared with in vitro DNA damage provoked by classical treatment of cultured cells with genotoxic agents, MCM8 or MCM9 deficiency in vivo causes in the bone marrow a relatively low level of DNA damage. Together with germline stem cells, hematopoietic stem and precursor cells are the most sensitive cells to DNA damage in the organism. This explains why heavily irradiated patients often die of anemia and infections, and chemotherapy is mostly limited by the deleterious effects on blood cell production. Higher constitutive DNA damage in mice leads to a complete block of hematopoiesis and early death (Zhou et al., 2013) . An intermediate amount of DNA damage might induce a specific susceptibility to myeloid tumors, while still allowing viable hematopoiesis.
A second driving force of myeloid tumors in these mice may include the suppression of the RB pathway in the presence of chronically increased DNA damage. RB must be phosphorylated to allow transcription of cell cycle-driving genes, and when dephosphorylated (such as in the presence of DNA damage) it stops cell cycle progression until DNA damage is repaired (Burkhart and Sage, 2008) . Because proliferation of HSPCs is mandatory for life, chronically modestly increased DNA damage might favor the emergence of hematopoietic cells or cell clones that manage to attenuate or suppress RB function. A chronically modestly increased DNA damage level in proliferating HSPCs might favor the emergence of hematopoietic cells or cell clones that manage to attenuate or suppress RB function. Indeed, in Mcm8-and Mcm9-knockout mice, RB phosphorylation in cycling cells was impaired only in aged animals, whereas the DNA damage marker g-H2AX was already elevated in bone marrow of young and healthy knockout animals. In agreement, RB signaling inhibition is common in hematopoietic malignancies, not primarily by direct RB mutations, but rather through promoter methylation and other, not fully understood mechanisms (Kornblau et al., 1994; Sauerbrey et al., 1998; Kornblau and Qiu, 1999) .
Importantly, besides its general role in DNA damage control, RB regulates cell cycle exit and terminal differentiation specifically for myeloid precursors. Genetically engineered RB deficiency in mice causes defects particularly in erythroid differentiation and cell cycle exit that resemble MDS traits (Sankaran et al., 2008; Youn et al., 2013; Ghazaryan et al., 2014; Walkley et al., 2007) . We could hypothesize that the necessity of maintaining hematopoiesis in conditions of chronic DNA damage might lead to the appearance of clones with reduced RB function. The proliferation and expansion of these clones could be linked to their efficiency in suppressing RB function. These clones might proliferate and expand better as more efficiently they suppress RB function, possibly up to the point at which they are not any more able to ensure proper myeloid differentiation and final cell cycle exit, then causing tumoral dysplastic progenitor accumulation and, in MDS, potentially apoptotic clearance. This explanation, however, does not rule out that the chronically increased DNA damage caused by the absence of MCM8 or MCM9 entails secondary somatic mutations that also trigger the development of MDS-like features, which is currently not known.
Moreover, a recent study reported that MCM8 enhances phosphorylation of RB within a large protein complex that includes CDK4 and cyclin D1 (He et al., 2017) . The authors also found that MCM8 is amplified in many malignancies and that tumor aggressivity is related to MCM8 copy number. Thus, the absence of MCM8 (or of MCM9, because its deficiency reduces MCM8 levels; Lutzmann et al., 2012) could apply an additional selective pressure on cells to cycle, despite reduced RB phosphorylation. Therefore, our mouse models could be useful for elucidating the molecular links among defective DNA repair, DNA damage signaling, and the development of myeloid tumors over time. These mice could also represent a tool to investigate how to protect the hematopoietic system during DNA-damaging treatments by better understanding connections between DNA damage, apoptotic and inflammatory processes, and declining hematopoietic capacity.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mcm8 and Mcm9 knockout mice were previously described (Lutzmann et al., 2012) . Sex of all mice is specified in Table S1 . Mice were maintained until they showed signs of disease, when they were sacrificed together with a wild-type littermate or age-matched mouse and analyzed. For EdU labeling, mice received an intraperitoneal injection of 300 mL EdU solution (3 mg/ml in PBS) 2 hours before sacrifice. Splenomegaly was defined as a spleen weight higher than 250 mg. Tp53/Mcm9 double knockout mice were bred by crossing Tp53/Mcm9 double heterozygous animals. Tp53 knockout mice (B6.129S2-Trp53tm1Tyj/J) were a gift from L. Le Cam (IRCM, Montpellier, France). All experiments were conducted according to the French guidelines on live animal experimentation (Ethical commission UMS006 CEEA-122, permission #88152017013109553395V3).
METHOD DETAILS
Histology and immunofluorescence Tissue samples were fixed in 10% buffered formalin solution for 24 hours (small pieces) or for 3 days, and then stored in 70% ethanol/ PBS until embedding in paraffin. Bones were decalcified in decalcification buffer (10% EDTA, 2.5% formalin in PBS, pH = 7.4) for 20 days. Tissue sections stained with Hematoxylin Eosin Safranin (HES), May-Gr€ unwald Giemsa (MGG), or Masson's trichrome were scanned using the Hamamatsu NanoZoomer system, or photos were taken manually under a light microscope. Cell spreads were done by disposing suspensions of bone marrow or splenocytes that had been passed through a 70 mm cell strainer on polylysinated slides coated with 4% formaldehyde and 0.05%Triton X-100 in PBS. After fixing in a humid chamber for 30min, slides were washed with PBS. Tissue sections for immunofluorescence analysis were deparaffinized and rehydrated. After epitope retrieval in citrate buffer, they were processed like for slides with cell spread preparations. For immunofluorescence analysis, slides were blocked with 5% BSA/PBS and incubated with primary antibodies at room temperature overnight, followed by incubation with secondary antibodies at 37 C for 1h. EdU detection was subsequently performed using the Click-iT system (Termofisher), according to the manufacturer's protocol. TUNEL assays were performed before incubation with primary antibodies using the DeadEnd Fluorometric TUNEL system (Promega), according to the manufacturer's protocol. The anti-phosphorylated RB antibody was purchased from Cell Signaling (D20B12, used dilution 1:600) and the anti-g-H2AX antibody from Millipore (JBW301, used dilution 1:5000). The anti-CD3 antibody was from Abcam (ab11089, used dilution 1:250). To quantify apoptosis from histological sections (''apoptotic index''), TUNEL signals (fluorescein) were quantified using the FIJI program package, and shown as the ratio to the histological section surface, based on the DNA signal (Hoechst 33342) determined using Photoshop CS5 and FIJI. Counting of nuclei of all cells and 
